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General Intreduction
  It is generally accepted that rare earth (RE) elements include the group 3 elements
scandium and yttrium and the lanthanide group from lanthanum to lutetium. RE
elements have peculiar properties that differ from those of other elements. The
peculiarity arises from their unique electronic confTigurations and radial distribution
fimctions in 4forbitals. The electronic configuration ofthe outermost shell ofa trivalent
lanthanide ion is 5s25p6, and 4f orbitals exist deep inside the 5s and 5p orbitals (Fig.' 1).
Since the electron clouds of5s and 5p orbitals shroud that of4forbitals, the extensity of
the electrons in the 4f orbitals is small. An electron is first introduced into one of the
seven-fold degenerate 4f orbitals of cerium (III) ion, and all 4f orbitals are finally fi11ed
with 14 electrons in lutetium (III) ion (Table 1). A characteristic of RE elements is that
                           'the 4f orbitals exist deep in the atom and are not completely fi11ed with electrons. A
phenomenon known as lanthanoid contraction-a monotonous decrease in the ionic size
with an increase in the atomic number-results from the peculiar electronic states in 4f
                                  " ' -KT-Sorbitals. Re"cently, RE elements have been used to produce phosphor, magnetic material,
hydrogen storage alloy, fuel cell, solid electrolyte, catalyst, superconductors, etc [1].
  Typically, RE ions in RE oxides take a trivalent state with the general formula RE203.
However, some RE elements take divalent or tetravalent states, and in the case of Ce, Pr,
and Tb, intermediate states also appear as RE02-x [2]. RE mixed.oxides such as
REMe03 (Me = transitional metals) with a perovskite structure and RE3MesOi2 (Me: Al,
Ga, etc.) with a gamet structme are also known to exist. The former is used as a
high,-temperature superconductivity material, while the latter is used to form matrices
for laser emission [3].
  Recently, rernarkable progress has been made in the development of metal oxide
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Fig. 1. Radial distribution fUnctions for 4f, 5s, 5d and 6s orbitals [3].
Table 1 Electron configurations ofrare eanh elements (3+).
Sc [Ne]3s23p6 Gd [Xe]4f7ss2sp6
Y [Ar]3d'O4s24p6 Tb [Xe]4P5s2sp6
La [k]4di05s2sp6 Dy [Xe]4f9ss2sp6
Ce [Xe]4fiss2sp6 Ho [Xe]4fiOss2sp6
Pr [xe]4ess2sp6 Er [Xe]4fiiss2sp6
Nd [Xe]4Pss2sp6 Tm [Xe]4fi2ss2sp6
Pm [Xe]4"5s2sp6 [Xe]4fi3ss2sp6
Sm [Xe]4Fss2sp6 Lu [Xe]4fi4ss2sp6
Eu [Xe]4Pss2sp6
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these techniques wi11 differ from those of bulk particles. The new properties of
nano-sized metal particles are derived from the defect structure in the crystal, size and
its distribution, morphology of the primary particle, peculiar aggregation state that is
caused by the unusual charged state of the particle surface during the aggregation
process, etc.
  It is expected that RE oxide nanoparticles exhibit peculiar properties such as
superplasticity due to their small particle sizes. For example, Y203:Eu3' is used as a red
light emission material in fluorescence lamps. Sharma et al. have reported that the
luminescence intensity of Y203:Eu3" is stronger with smaller particles (10 nm) [4]. RE
oxides can be used as catalysts or catalyst supports [5-8]. Thereforei it is very
interesting to develop methods for synthesizing nano-sized RE oxides with 1arge surface
areas.
            '
  In a simple method for synthesizing RE oxide composed of a single RE metal species,
RE hydroxide is precipitated from the corresponding aqueous RE nitrate by adding
alkali solutions such as aqueous ammonium hydroxide or amrnonfum"' carbonate [9].
Then, the precipitate is dried and calcined. The concentration of the precipitating agents
may become heterogeneous in the solution during particle formation. To avoid the
concentration heterogeneity of the precipitating agents, urea can be used while heating
[1O].
                  (NH2)2CO + 3H20 . 2NH4" + C02 + 20H-
The precipitation proceeds under the same condition through the solution due to mild
and homogeneous decomposition of urea. This method is referred to as the
homogeneous precipitation method. However, the resulting RE oxides have low surface
areas due to the aggregation of particles during drying, particularly, during the
vaporization ofwater whose surface tension is high.
                                    3
  RE oxide nanoparticles cannot be obtained by calcination or thermal decomposition
of RE acetate or oxalate in air because RE carbonate oxides formed as intermediates
remain stable up to high temperatures (600-800 OC) [11-13].
  Recently, many studies have been conducted on the syntheses of RE oxide
                      '
nanoparticles by using organic compounds [1`F20]. For example, Y(OH)3 is
precipitated by adding aqueous Y(N03)3 to aqueous ammonium hydroxide. The
aggregation of the resulting hydroxide particles is prevented by a polymer surface
modification agent added before the precipitation process [4]. It is reported that the
particle size can be controlled by changing the concentration ofthe surface modification
agent, and Y203 nanoparticles (10 nm) are obtained. Masui et al. have reported that
ultrafme Ce02 particles (2.6 nm) have been prepared by a reaction in reversed micelles
formed with a surfactant in oil [21]. 'I he ultrafine particles are obtained by mixing
water-in-oil •microemulsions containing cerium nitrate solution with those containing
ammonium hydroxide. Y203:Eu3' phosphor nanoparticles (--8 nm) are obtained by a
combustion method, i.e., co-ignition ofRE nitrate and glycin [22].
  Recently, morphology control of RE oxides has attracted considerable attention.
Shape-controlled RE oxides are highly valuable; for example, for CO oxidation,
rod-shaped or spindle-1ike Ce02 particles have higher activity than spherical Ce02
particles [23]. One-dimensional or hollow shaped RE oxides have been synthesized. In
this case, a gel prepared by a sol-gel or homogeneous precipitation method is laminated
on various templates such as an alumina anode or micelle formed with surfactants; this
                                                                  '
                                                                      'process is followed by the elimination ofthe template and calcination [24-26].
  Powders of RE mixed oxides with the perovskite structure are used not only as
photocatalysts [27] but also as catalysts for automotive exhaust gas purification [28] or




                      "
are used as phosphors [30]. Therefore, RE mixed oxides can potentially be used as
'advanced ceramic materials, and it is crucial to synthesize RE mixed oxide
nanoparticles with high surface areas.
  Since mixed oxides are compoSed of various metal species, the homogeneity of the
metal species in the precursors before calcination determines the crystal phases or
physical properties ofthe mixed oxides. Therefore, methods for the synthesis ofmixed
oxides are different from those for single component metal oxides. Solid-phase reaction
is one of the classical methods. ln this method, mixed oxides are synthesized by the
high-temperature calcination of combined metal oxides or carbonates that are physically
mixed beforehand and crushed to microparticles by ball milling. wuen the desired
products are mixed oxides with structures such as perovskite, garnet, and pyrochlore
structures, heat treatment at high temperatures (År1000 OC) is required. However, this
process so'metimes yields oxides with the pseudomorphs of the desired product or the
starting materials remain intact. Therefore, repeated crushing and calcination must be
carried out repeatedly to obtain phase-pure mixed oxides. Moreover, when a 1arge
amount ofthermal energy is applied to decompose the precursors, it causes sintering of
the product particles.
  Liquid phase syntheses are preferred to prepare inorganic materials with well-defined
morphologies. These synthetic reactions proceed at relatively lower temperatures and
therefore require lower energies; the sol-gel (alkoxyide) method and coprecipitation
method are typical examples of such syntheses. in the coprecipitation method, a
precursor product is obtained by adding an alkali solution to a solution containing target
metal ions. In the sol-gel method, metal alkoxides are hydrolyzed to yield
corresponding metal hydroxides, and the precursor products are obtained by the
condensation polymerization of the hydroxides. The calcination of these precursor
products is required in order to obtain crystallized products. However, the
5
reproducibility of these two methods may sometimes be poor depending on various
factors such as the reaction temperature, pH of the solution, and rate of precipitation or
hydrolysis. The phase separation can occur due to the heterogeneous distribution of
metal atoms in the precursor products caused by various factors. Recently, Liu et al.
have reported the synthesis of Y3AlsOi2 nanoparticles by the coprecipitation method
using ultrasonic waves [31]. The precursor powder thus obtained can be crystallized
into the Y3AlsOi2 phase by calcination at a low temperature of900 OC for 2 h due to the
uniforrn distribution of Al and Y ions; a solid-phase reaction requires considerably
higher temperatures (År1600 OC) and prolonged calcination time. To the author's
knowledge, Y3AlsOi2 particles obtained by this method have the smallest particle size
(15 mn).
  New methods such as the polymerized complex method have been developed in
which organic solvents are used to obtain mixed oxides with a highly uniform
distribution of the constituent metal atoms. The polymerized complex method can be
explained by a simple chemical scheme in which a mixture of ethylene glycol and citric
acid contaming pertinent metal ions is poiymerized to form a polyester-type resin with a
random distribution of the metal ions. The calcination of the resin yields mixed metal
oxide. Because the mobility of the metal ions in the polyester-type resin is low, their
aggregation or segregation during calcination can be prevented. Consequently, the
composition of the mixed oxide is uniform at the atomic level. For example, the
crystallization of LaAI03 synthesized by the polymerized complex method occurs at a
temperature (750 OC) that is significantly lower than that in solid-phase reactions
(1500-1700 OC) [32]. Therefore, the surface area of LaAI03 synthesized by the
polymerized complex method (15 m21g) is larger than that of LaAI03 prepared by the
solid-phase reaction (O.3 m2!g). Other mixed oxides (e.g., Illi2Ti207 [32], Y3Nb07 [32],
and Y3AlsOi2 [33]) synthesized by the polymerized complex method are also
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crystallized at low temperatures.
  There are various methods for synthesizing inorganic materials, as described above.
Recently, the syntheses of inorganic materials by a solvothermal reaction have been
actively studied. When the term "solvothermal" is searched in the Meb ofScience, it is
observed that the number ofpertinent papers has drastically increased in recent time, as
shown in Fig. 2. This term is used for reactions in liquids or supercritical media at
temperatures higher than their boiling points [34]. Although hydrothermal reactions or
reactions in ma3 and HF solutions are also types of solvothermal reactions,
"solvothermal" is used in this dissertation to refer to the reactions in organic media.
  Most of the solvothermal products are nano- or microparticles with well-defined
morphologies. The distribution of the particle size of the products is usually very
narrow; the ' formation of monodispersed particles has been reported frequently [35].
When solvent molecules or additives are preferentially adsorbed on (or have a specific
interaction with) a certain surface of a product, the growth of the surirace is inhibited,
and therefore a product with a unique morphology can be formed. Thus, various types
ofproducts (nanorods, wires, tubes, and sheets) have been obtained by this reaction [36,
  Regarding the synthesis of RE oxide, Demazeau et al. reported that well-crystallized
Ce02 particles were prepared by the solvothermal reaction of a colloidal suspension of
Ce(OH)4 in ethanol. The themial stability of Ce02 synthesized by this method was
higher than that of Ce02 obtained by a hydrothermal reaction [38]. Nano-sized
Y3AlsOi2:Ce3' particles were synthesized from a precursor by a solvothermal reaction
in ethanol. The precursor was precipitated from a stoichiometric mixture of aluminum
and yttrium nitrates with ammonium hydrogen carbonate in the presence of a small
amount of cerium nitrate [39]. The crystallite and particle sizes of Y3AlsOi2 were 14.6
'l20iil
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mn and 60 nm, respectively. Kominami et al. reported that an amorphous product,
which was obtained by the solvothermal decomposition of La(OiPr)3 and Fe(Obu)3 in
toluene, was crystallized into perovskite-type LaFe03 in the subsequent solvothermal
treatment in 1,4-butanediol [40].
  Since l984, inoue et al. have actively investigated various methods for the synthesis
ofinorganic materials by solvothermal reactions at elevated temperatures (200-300 OC)
under autogeneous pressures of organic media [41]. A transparent colloidal solution of
ultrafine particles (particle size, 24 mn) of Ce02 is directly obtained by the reaction of
Ce metal in 2-methoxyethanol at 200-300 OC [42]. Various oxides (Ti02 [43], Zr02 [44],
etc.) and mixed oxides (ZnA1204 [45], Ga203:AI203 solid solutions [46], etc.) are also
directly crystallized under mild conditions when suitable starting materials such as
metal alkoxide, acetylacetonate, or acetate are allowed to react in 1,4-butanediol at
200-300 OC. This solvothermal reaction using glycols as the organic solvents is termed
"glycothermal reaction." For the syntheses of RE mixed oxides, glycothermal reactions
in 1,4-butanediol yielded REP04 [34], REV04 [47], RE3Nb07 [48], RE3AlsOi2 [49],
RE3GasOi2 [50], and REFe03'[51]. '•
  The properties or morphologies of inorganic materials synthesized by solvothermal
reactions in organic media differ significantly from those of the compounds synthesized
in water (coprecipitation, sol-gel methods, etc.) [52, 53]. Therefore, RE oxides or rnixed
oxides synthesized by solvothermal reactions have high potential to serve as functional
matetials in various fields .
  With this background the present thesis focuses on the synthesis of RE oxides or
mixed oxides by solvothermal reactions.
  The solvothermal reactions of RE metals in 2-methoxyethanol and 2-aminoethanol
are described in Chapter 1. Transparent colloidal solutions of Ce02, Sm203, and Yb203
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 were obtained by the solvothemial reactions. Their particle sizes were extremely small
 in the range of 2-3 rm.
   Chapter 2 deals with the thermal decomposition behavior of the products synthesized
 by the glycothermal treatment of RE acetates in vic-glycol (ethylene glycol,
 1,2-propanediol, and 1,,2-butanediol). The physical propenies ofthe RE oxides obtained
 by thermal decomposition are clarified. The RE oxide nanoparticles (RE = Gd-Yb, Y)
 obtained by the glycothermal treatment of RE acetates in 1,2-propanediol and the
. subsequent calcination had remarkably high surface areas.
   Chapter 3 deals with finther analysis ofthe morphology ofthe RE oxides obtained by
 the glycothermal treatment of RE acetate in 1,2-propanediol and the subsequent
 calcination. RE203 with a high surface area was a nano-hollow shaped particle.
   Chapter 4 explains the solvothermal treatment of RE chloride hydrates in the
 presence of amine bases to neutralize liberated HCI. The crystalline structures of the
 products are clarified, and the relationship between the crystalline structure and the
 ionic size ofthe RE elements is described.
   Chapter 5 describes the physical propenies of Yb203.xH20 obtained by the
 solvothermal treatment of ytterbium chloride hydrate in various solvents in the presence
 of amines. The relationship between the morphology of Yb203.xH20 and the effect of
 the solvents or amines are discussed.
   The synthesis of RE borate (REB03) by the glycothermal method is discussed in
 chapter 6. The YB03 particles obtained by this method were spheroidal with a mean
 diameter of 1 pm. Selected area electron diffraction analysis indicated that each particle
 was a "single crystal" of YB03 developed from a single nucleus.
   Chapter 7 deals with the defective structure of RE aluminium garnet (RE3AlsOi2)
 obtained by the glycothermal method. It is suggested that Al and oxygen vacancies are
 present ih RE3AlsOi2 synthesized in 1,4-butanediol.
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                 Chapter 1
Solvothermal reaction of rare earth metals in
   2-methoxyethanol and 2-aminoethanol
1.1. IntrodUction
  Hydrothermal methods have been widely studied for the synthesis of a variety of
minerals and inorganic•materials [1-5]. Hydrothermal oxidation of metals has been also
examined as a synthesis route for inorganic materials and various compounds having
specific properties have beeR prepared [6-91. Although it is known that some metals
corrode in alcohols, oxidation of metals in alcohols has been scarcely examined from
the view point of material synthesis [10-12]. Alcothermal reaction to prepare inorganic
materials uses liquid (or supercritical) alcohols as the reaction media at temperatures
higher than their boiling points. inoue et al. examined alcohothermal oxidation of
cerium metal and reported that a transparent colloidal solution of ultrafine particles of
ceria was directly obtained by the reaction in 2-methoxyethanol at 200-300 OC [13,14].
High-surface-area ceria powder (183 m2!g) was recovered by coagulation of ceria
colloidal particles caused by the addition of an ammonia solution. Because of high
surface energy of the product particles, however, the surface area of the ceria powders
abruptly decreased by calcination at relatively low temperatures (the sample calcined at
600 OC had a surface area of2.7 m21g with the crystallite size of21 nm). Addition ofa
nonionic surfactant to the recovered ceria powder prevented the crystal growth and ceria
powder particles maintained a high-surface-area ceria (76 m21g) even after calcination at
600 OC [15].
  In this chapter, the present author describes solvothermal oxidation ofrare earth (RE)




  Chips of RE metals were purchased from Wako Pure Chemical lndustry and were
used without further purification. RE metal (2 g; ca. 3.5 mmÅ~2.0 mmX 1.0 mm) and
2-methoxyethanol (80 ml; Nacalai Tesque, Guaranteed Grade) were placed in a test tube,
which was then set in an autoclave (200 ml). In the gap between the test tube and the
autoclave wal1, an additional 40 ml of 2-methoxyethanol was placed. After completely
purged with nitrogen, the autoclave was heated to a prescribed temperature (250-315
OC) at the rate 2.5 OCIrrll'n and kept at that temperature for a desired period (2 or 8 h)
under the autogeneous pressure of the alcohol. After the autoclave was cooled to room
temperature, the product was centrifuged at 3500 rpm to remove the coarse particles
originating from the superficia! layer of the metal chips. To the clear supernatant, a
small amount of ammonia was added. The solution became turbid and precipitate was
forrned. The precipitate was washed with deionized water, dried in air, and calcined at
various temperatures for 1 h. Flow chart for the solvothermal oxidation of RE metals is
illustrated in Fig. 1-1.
  For the reaction systems where the starting RE metal chips were recovered, the
reaction in 2-methoxyehanol in the presence of acetic acid was examined. Besides the
addition of 5 ml of acetic acid (Wako, GR grade) to 80 ml 'of 2-methoxyehanol,
completely the same procedure was adapted. The solvothermal reaction of RE metals (2
g) in 2-aminoethanol (80 ml; Wako, EP grade) was canied out by using the solvent in
place of2-methoxyethanol ofthe aforementioned procedure.
  X-ray powder diffraction (XRD: Model XD-Dl, Shimadzu, Kyoto, Japan) was
performed using CuKct radiation and a carbon monochromator. The crystallite size was
 estimated by the Scherrer equation. The morphology of the colloidal particles was
 observed with a transmission electron microscope (TEM; Model H-800, Hitachi, Tokyo,
 Japan) operated at 200 kV. The TEM specimen was prepared by dipping a microgrid in
15
  Rare Earth Metal 2-Methoxyethanol
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Fig. 1-1 . Flow chart of solvothermal oxidation ofRE metals.
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a diluted colloidal solution (colloidal solution : distilled water = 1 : 100). Simultaneous
thermogravimetric and differential thermal analyses were performed on a thermal
analyzer (Model DTG-50, Shimadzu, Kyoto, Japan). Raman spectra were recorded
(Model, T64000, Jobin-Yvon, Edison, NJ) at room temperature using a 514.5 nm line of
argon laser.
1.3 Results and Discussion
1.3.1 Solvothermal reaction of}ib and Sm in 2-methoxyethanol
  Figure 1-2 shows the XRD patterns of the RE metal chips. For lanthanum, cerium
and praseodymium, metal oxide peaks were clearly detected, indicating that the metal
chips ofthese RE elements were covered with relatively thick superficial layers ofmetal
oxide. For heavy REs, on the other hand, diffraction peaks due to pure metal were found
and no other peaks were detected, indicating that the superficial layer is amorphous or
quite thin beyond the detection of the crystalline phase by XRD.
  The reaction of Yb metal or Sm metal in 2-methoxyetlianol proceeded completely. ln
these reactions, yellow transparent solutions were obtained after the removal of the
coarse particles derived from the superficial layer of the metal chips. Addition of a salt
solution such as aqueous NaCl to the transparent solutions caused the formation of
gelatinous precipitates, indicating that these solutions gontained colloidal particles. The
TEM image ofthe Yb203 colloidal particles is shown in Fig. 1-3. Loosely agglomerated
Yb203 particles with a diameter of ca. 3 nm were observed.
  The colloidal particles were coagulated by the addition of aqueous NH3 to the
colloidal solutions. The precipitate was separated by centrifugation and dried in air. 'Ihe
XRD patterns of the products obtained by the reaction of Yb and Sm metals at various
reaction temperatures and times are shown in Fig. 1-4. Although the diffraction peaks
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Fig. 1-3. The TEM image of the Yb203 colloidal particles obtained by
solvothermal oxidation ofYb metal at 300 OC for 2 h.
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Fig. 1-4. The XRD patterns of the products obtained by the solvothermal
oxidation of (a) Yb and (b) Sm at various temperatures for various periods,
specified in the figure.
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increase in reaction temperature and time, the XRD peaks became sharp, indicating that
these panicles were crystallized to some extent. From the half-height width of the
diffraction peaks, the crystallit.e size of Yb203 was estimated to be ca. 3 nm which is in
good agreement with the particle size observed by TEM.
  wnen the reaction was carried out at 315 OC for 8 h, growth of the oxide paniclQs
occurred and the colloidal solutions were not obtained. The products exhibited the XRD
patterns due to the Yb203 and Sm203 phases and the XRD peaks were relatively sharp
(crystallite size, 24 um for Yb203; 37 nm for Sm203). However, these products seem to
cQntain the coarse particles originating from the superficial layers ofthe metal chips.
  Figure 1-5 shows TG-DTA profiles of the colloidal particles after coagulation and
drying. A large weight decrease associated with an exothermic response in DTA is
attributed to the combustion of the organic matter remaining on the surface of the
product particles.
  The IR spectra of the products are shown in Fig. 1-6. The spectra showed bands due
to the organic residue at 2980 (vasCH3), 2930 (vasCH2), 2880 (vsCH2), 1230(t CH2),
1130(t CH2), 1100 (vCO), 930 (vCO), and 866 (vCC) cm-' for Sm203 and 2980, 2940,
2880, 1230, 1140, 1110, and 868 cm-i' for Yb203. Comparison ofthese spectra with that
of liquid 2-methoxyethanol clearly indicates the pre'sence of CH30CH2CH20- moieties
on the surface of the products. The aforementioned assignment for each band is based
on the reported data for 2-methoxyethanol [16]. Besides the bands due to the organic
moieties, rather strong bands were observed at 1620 and 1460 cm'i. These bands are
assigned to carbonate ions, which were formed by adsorption of carbon dioxide during
the storage ofthe products.
   If one assumes that 2-methoxyethyl moieties are aligned on 3 nm spherical particles.
 in the closest packing with fully expanded conformation with a molecular radius






































Fig. 1-5. TG-DTA prorues ofthe powders'obtained by coagulation of
colloidal particles formed by solvothermal oxidation of (a) Yb and (b)

























Fig. 1-6. IR spectra of Yb203 and Sm203 obtained by coagulation of colloidal
particles formed by the reaction ofYb and Sm at 300 OC for 2 h.
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weight loss due to desorption of the moieties is ca. 13 O/o. This value is in good
agreement with the observed weight loss at around 350 OC (ca. 15 O/o).
  Figure 1-7 shows the XRD patterns ofthe thermally treated samples. The XRD peaks
 '
due to Yb203 and Sm203 suddenly became sharp by heat treatment at 5eO eC and 600 OC,
              'respectively. These temperatures are approximately the same as the Tamman
temperatures of these oxide phases. These results show a sharp contrast against the
sintering behavior of the ceria powders prepared by solvothermal oxidation of cerium
metal, where gradual increase in the crystallite size was observed from very low
temperatures [13,14]. Nonstoichiometry of cerium oxide seems to contribute to its
sintering behavior, since oxidation-reduction cycles cause the cleavage and formation of
Ce-O bonds, which facilitates the sintering ofceria particles.
  Figure 1-8 shows the Raman spectra of RE oxides obtained by solvothermal
oxidation. The ceria particles showed a quite broad peak at 460 cm-i. This result
                                                                      ,
confirmed that ceria powders obtained by solvothermal oxidation of Ce metal were
crystallized. Fluorite structure of ceria allows only one Raman T2g mode, which can be
viewed as a symmeuic breathing mode ofthe O atoms around cerium cation. Graham et
al. reported that Raman spectrum of Ce02 was systematically changed by the crystallite
size [17]. They showed that the Raman linewidth was inversely correlated with the
crystallite size ofceria, and they gave the following empirical equation:
                         r (cm-') == 5.26 + 436 1 D (A),
where r is the half line width at half-maximum and D is the crystallite size of ceria.
Other researches also confirmed this relation [18,19]. Lower energy shift of Raman
peak with the decrease in the crystallite size was also noted. Although the origin of this
change is a controversial issue, Spanier et al. recently concluded that combined effect of
the inhomogeneous strain broadening and phonon conf7inement is the origin of the
 specmm change [20]. They also suggested the spectra are also affected by the presence
















Fig. 1-7. XIV) patterns of the powders obtained by coagulation of colloidal
particles formed by the reaction of (a) Yb and (b) Sm at 300 OC for 2 h, and
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Fig. 1-8. Raman spectra of RE
oxidation at 300 OC for 2 h.
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of oxygen vacancies [20]. Although the crystallite size (2.3 um) of the ceria particles
obtained by solvothermal oxidation of cerium metal was much smaller than the
crystallite-size range used for determination ofthe empirical equation [17], the observed
1inewidth (48 cm-i; r = 24cm'i) is in good agreement with that predicted by the
equation (r = 23.8 crn'i). The observed Raman frequency (460 cm-i) is much lower than
that for well-crystallized ceria (467 cm'i) [17]. However, the low energy shift of the
Raman frequency of the present product is also withn the expectation from the reported
correlation between linewidth and frequency [17]. On the other hand, the present author
could not obtain Raman peaks for the as-synthesized Sm203 and Yb203 particles. One
reason is fluorescence due to the organic moieties remaining on the surface of the
products, but line broadening beyond the detection of Raman peaks caused by the small
crystallite size is also 1ikely to contribute to the absence of Raman peaks. After heat
treatment, RamEm Peaks for type C oxides were detected [21-23]. Note that the Yb203
sample exhibited quite broad Raman peaks in spite of the fact that the sample was
calcined at 500 'OC, which caused a significant increase in the crystallite size.
  The results of solvothermal oxidation of RE rnetals in 2-methoxyethanol at 300 OC
are sumrnarized in Table 1-1. The reaction of La, Pr, and Nd metals proceeded
completely. However, after the removal of coarse particles by centrifugation, colloidal
solutions were not obtained: Addition of a salt solution to the supematants caused no
apparent change in the supernatants. It is interesting to note that the reactivity of the RE
metal in 2-methoxyethanol may depend on the crystal structure of the metal. Hexagonal
La type metals (La, Pr and Nd) reacted easily yielding coarse products, and RE metals
with the fcc structure (Ce and Yb) and rhombohedral crystal symmetry (Sm) reacted in
2-methoxethanol yielding colloidal solutions, while the RE metals having hexagonal
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1.3.2 Solvothermal reaction ofRE metals in 2-methoJcyethanol in the presence ofacetic
acid
  Since the recovery of the starting metal chips means low solubility of the superficial
layers into 2-methoxyethanol, reaction in the presence of a small amount of acetic acid
 'was examined. The results are summarized in Table 1-2. As described in the previous
section, colloidal solutions of Ce02, Sm203, and Yb203 were obtained without the
addition of acetic acid, while the other metals, such as Y, Eu, Gd, and Tb, did not afford
colloidal solutions. However, colloidal ,solutions were obtained by the reaction ofthese
metals in the presence of acetic acid. In Fig 1-9, a picture of the colloidal solution
obtained by the reaction of Eu metal in 2-methoxyethanol together with a small amount
of acetic acid is shown. Tyndall phenomenon was clearly observed. Figure 1-10 shows
the XRD patterns and TG-DTA profiles of the powders obtained by coagulation of the
colloidal particles. The particles are. only poorly crystallized. An exothemic response at
around 650 OC in DTA can be attributed to the crystallization of Eu203 from
Eu2(C03)02. The carbonate ions were formed by combustion of the organic moieties
remaining on the product partigles. Besides formation of Eu203 and Tb203, Gd and Y
metals yielded transparent colloidal solutions. Calcination of the powders obtained by
coagulation of the colloidal particles gave GdOOH and a mixture of Y203 and YOOH.
Phases formed by calcination are sumrriarized in Table 1-3.
  By the addition of acetic acid to the solvothermal reaction systems, colloidal particles
were obtained from the RE metal chips having superficial layers. These results indicate
that acetic acid dissolves the superficial layers of RE metal chips and then facilitates the
reaction of RE metal with 2-methoxyethanol (andlor acetic acid).
  It must be noted that the reaction of Ce metal in a mixture of 2-methoxyethanol and
acetic acid did not yield the colloidal solution of ceria but coarse ceria particles were
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Fig. 1-9. Transparent colloidal solution ofEu203 obtained by the reaction of
Eu metal in 2-methoxyethanol and acetic acid at 300 OC for 2 h.
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Fig. 1-10. XRD patterns and TG-DTA profile's of products obtained by
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the reaction of cerium acetylacetonate in 2-methoxyethanol and found coarse ceria
.particles were formed. Therefore, the present author concluded that the presence of the
superficial layers is essential for the formation of the ceria colloidal solution.
Dissolution of the superficial layers at high temperatures causes very rapid reaction of
cerium metal with the solvent alcohol yielding cerium alkoxide and hydrogen. High
concentration of the alkoxide causes bust nucleation of ceria resulting in formation of
the colloidal particles. The present result supports this mechanism, since the dissolution
of the superficial layer at lower temperatures will give a sQlution of the alkoxide, which
gradually decomposes yielding a limited number of ceria nuclei. Crystal growth takes
place lowering the alkoxide concentration and finally yielding coarse ceria particles.
1.3.3 Solvothermal reaction ofRE metals in 2-aminoethanol
  The XRD patterns of the products obtained by the solvothermal reaction of RE metal
chips in 2-aminoethanol are shown in Fig. 1-11. From Ce, Sm, and Yb metals, turbid
colloidal solutions were obtained after the removal of the coarse particles. The XRD
pattern of the powder recovered by coagulation of the colloidal particles by the addition
of an NH3 solution showed the formation of Ce02, a mixture of Sm203 and SmOOH,
and Yb203.
  The TG-DTA profiles of the powders, which were recovered from the colloidal
solution obtained by solvothermal reaction of Sm metal in 2-aminoethanol, are shown in
Fig. 1-12. The DTA curve exhibited endothemic peaks. These peaks were due to the
decomposition of SmOOH and desorption of the organic moieties remaining on the
product particles. The former process yielded Sm203 and the XRD pattgrn ofthe sample
calcined at 500 OC showed the peaks due to Sm203. The latter process occurred since
the presence of the nitrogen atom in the organic moieties makes them difficult to
combust.
34
                                            From Yb
      ,"..."....-.A..-AvJyv." Fromsm
                                            From Ce
                   2e/deg (Cu Kct)
                             '
Fig. 1-11. XZRD patterns pf products obtained by solvothermal reaction of

















Fig. 1-12. TG-DTA profiles of powders obtained by solvothermal
oxidation of Sm metal in 2-aminoethanol at 300 OC for 2 h.
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 The results for solvothermal reaction of RE metals in 2-aminoethanol are summarized
in Table 1-2. Besides Ce, Sm and Yb metals, which gave the colloidal solutions albeit
turbid, Y, La, Pr, Nd and Eu reacted in 2-aminoethanol yielding YOOH, La(OH)3,
mixture of PrOOH and Pr203, mixture of NdOOH and Nd203s and EuOOH. However,
colloidal solutions were not obtained from these metals. The phases formed by
calcination of the samples obtained by coagulation of the colloidal particles formed by
reaction ofCe, Sm and Yb are summarized in Table 1-3.
  As compared with the reaction in 2-methoxyethanol, oxides or hydroxide 'oxides of
RE elements were obtained from a wide range of RE metals, and the reaction took place
easily. In 2-aminoethanol, the products are fairly well crystallized. These results seem to
be due to higher polarity of 2-aminoethanol (.e = 37.72) as compared with
2-methoxyethanol (.s = 16.93).
1. 3. 4 Proposed reaction mechan isms
 RE metals are highly active and they are flammable when fresh surfaces are exposed to
moist air. However, in the present experiments, metal chips with superficial layers were
used, and therefore safe experiments were canied out. The reaction of IUI metal with
water proceeds according to the following equation:
                      2RE + 6H20 . 2RE(OH)3 + 3H2.
Similarly, the reaction of RE metal with alcohol proceeds easily:
                     2RE + 6ROH . 2RE(OR)3 + 3Hi.
However, the superficial layer must be dissolved or broken before the reaction takes
place, and addition of acetic acid or use of 2-aminoethanol having higher polarity than
2-methoxyethanol facilitated the dissolution of the superficial layers. The thermal
decomposition ofRE alkoxide yields RE oxide according to the following reaction:
                       2RE(OR)3 - RE203 + 3ROR
37
Importance ofthe superficial layers ofmetal chips was discussed in section (1.3.2).
1.4 Conclusions
1. Transparent colloidal solutions of Sm203 and Yb203 were obtained by solvothermal
oxidation of Sm and Yb metals in 2-methoxyethanol at 300 OC for 2 h.
2. Transparent colloidal solutibns of Y, Eu, Gd and Tb species were obtained by
solvothermal oxidation of the corresponding metals in 2-methoxyethanol in the
presence of a smal1 amount of acetic acid. The dissolution of the superficial layers of
RE metal chips was facilitated by the presence ofacetic acid.
3. The reaction of Ce, Sm and Yb metals in 2-aminoethanol yielded turbid colloidal
solutions of the oxides. In addition, the reaction of some other RE metals afforded the
precipitates of the corresponding oxides or hydroxide oxides, and the reaction took
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                   Chapter 2
Synthesis of nanocrystalline rare earth oxides by
             glycothermal method
2.1. Introduction
  Many methods have been reported for the synthesis of RE oxide nanoparticles, as
stated in General Introduction section. They include oxidation of metal [1,2] or metal
hydride [3] nanoparticles, vaporization!condensation of ceramics [4-6], chemical vapor
deposition [7], thermal decomposition [8,9], spray pyrolysis [101, combustion synthesis
[11-13], high energy mechanical milling [14], polyol process [15-17], reverse micellar
synthesis [18,19], sonochemical synthesis [20], hydrothermal synthesis [21], and so on.
However, most of these methods give RE oxide particles with crystallite sizes larger
than 10 nm, and only a few methods are available for the synthesis of RE oxide
nanoparticles wit[h the crystallite size less than. 1O nm.
  The Y203:Eu3" phosphor nanopanicles were obtained by a reverse micelle method
(4-8 nm) [18] or by a glycine-nitrate combustion method (-8 nm) [12]. Monodispersed
RE oxide particles with an average diameter in range 2-5 nm were prepared by direct
precipitation from a diethylene glycol solution [15]. So far as the present author knows,
the smallest RE oxide particle ever was attained that reported by Nelson et al.; they
prepared Y203 nanoparticles by homogeneous reduction of YC13 with
K' (15-crown-5)2Cl' and subsequent oxidation [1,2]. The as-synthesized product is
amorphous (particle size: 1-3 nm), and the sample crystallized by annealing at 500 OC
for 4 h has a surface area of84 m21g and a crystallite size of 11.8 nm.
  The reaction of RE acetate hydrates in 1,4-butanediol yields RE(OAc)2(OH),
RE(OAc)(OH)2 or RE(OAc)O depending on the ionic size of the RE elements [22].
However, the reaction of RE acetate hydrates in ethylene glycol yields
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RE20(OCH2CH20)(OAc)2 or RE20(OCH2CH20H)2(OAc)(OH) containing glycol
moieties depending on the ionic size of the RE element [23]. This difference in reaction
behaviour is attributed to the high coordinating ability of the vicinal glycol as compared
with 1,4-buntanediol. The products obtained in 1,4-bunanediol decompose to RE oxides
at around 700 DC via RE .carbonate oxide phase (RE202C03), while the products
obtained in ethylene glycol directly decompose to RE oxide at around 400 DC without
the formation ofRE carbonate oxide.
Chapter 1 addressed RE oxide nanoparticles obtained by the solvothermal oxidation
ofRE metals in 2-methoxyethanol. This chapter discussed the RE oxide nanoparticles
obtained by the glycothermal treatment of RE acetate hydrate in vicinal glycols
(ethylene glycol, 1,2-propanediol or 1,2-butanediol) and subsequent calcination at low
temperature.
2.2. Experimental
2.2.1 Glycothermal treatment ofyttrium acetate hydrate
Ethylene glycol (EG), 1,2-propanediol (l,2-PG), 1,2-butanediol (l,2-BG),
1,3-propanediol (l,3-PG) and 1,4-butanediol (l,4-BG) were used as solvents. Yttrium
acetate hydrate (Y(OAc)3·4H20) (8.453 g, 25 mmol) was suspended in 120 ml of
solvent in a test tube serving as an autoclave liner. The test tube was placed in a 300-ml
autoclave. An additional 40 ml of the solvent was placed in the gap between the
autoclave wall and test tube. The autoclave was completely purged with nitrogen,
heated to 300°C at a rate of 2.3 °C/min and maintained at the same temperature for 2 h.
After the assembly was rapidly cooled to room temperature, the resulting product was
collected by centrifugation. The product was washed with methanol by vigorous mixing
and centrifuging and then air-dried. For calcination, the products were heated in a box
furnace at a rate of 10°C/min and maintained at the prescribed temperature for 30 min.
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The amount of product obtained in 1,2-PG was about 5.5 g, and the ceramic yield of the
product as calculated from the weight loss after calcination at 1000 DC exceeded 90%.
These products are labelled as P(abbreviation of the solvent); in the case of
calcination, the applied temperature (in Celsius) is added to the above label. For
example, P(I,4-BG)400 refers to the product obtained by the reaction in 1,4-BG
followed by calcination at 400 DC.
2.2.2 Characterization
Since RE oxides react with H20 and/or C02 in air at room temperature producing
hydroxides and/or carbonate hydroxides [24], the characterization of calcined samples
was carried out within 24 h after calcination.
The organic species derived by the thermal decomposition of the products were
analysed as follows: The product was calcined in 02 (50 Torr) at 400 DC using a closed
circulation system (total dead volume: 150 cm3), and the generated gases were trapped
with liquid nitrogen. These gases were analysed using gas chromatographs equipped
with FID (Porapak Q column, 2 m, 180 DC) and TCD (Porapak N column, 2 m, 50 DC)
detectors and by mass spectrometry (SXl 02, JEOL, Tokyo, Japan).
The X-ray powder diffraction patterns (XRD: XD-Dl, Shimadzu, Kyoto", Japan) were
recorded using Cu Ka radiation and a carbon monochromator. The crystallite sizes of
RE oxides were calculated from the full width at half maximum (FWHM) of the 222
diffraction peak using Scherrer's equation:
D (nm) = 0.9xO.1542
fJx cose
where D is the crystallite size; e, the diffraction angle; and fJ = fJexp - fJapp. Here, fJexp and
fJapp are the FWHM of the diffraction peak and the instrumental broadening width,
respectively.
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  The diflltise reflectance' FT-IR spectra of the products were recorded in the range of
4000-700 cm-i using a Nicolet spectrophotometer (Magna-IR 560, Madison, USA)
with KBr as the background. Simultaneous thermogravimetric and differential thermal
analyses'(TG-DTA) were performed using a thermal analyser (DTG-50,' Shimadzu,
Kyoto, Japan) at a rate of 5 OCImin in a 40 mllmin flow of dried air. The specific surface
area was calculated by BET single-point method on the basis of the N2 uptake measured
at 77 K using a soxptionmeter (Flowsorb II 2300, Micromeritics). The morphology of
the product was observed using a transmission electron microscope (TEM, Hitachi
H-800) operated at 200 kV.
2.3. Results and Discussien
2. 3. 1 XRD analysis and IR spectroscopy
  The XRD patterns of the products obtained from the reaction at 300 OC are shown in
Fig. 2-1. The XRD patterns ofP(1,3-PG) and P(1,4-BG) are attributed to Y(OAc)O [22],
while that of P(EG) is attributed to Y20(OCH2CH20H)2(OAc)(OH) [23]. The XRD
patterns of P(1,2-PG) and P(1,2-BG) differ distinetly•from that of Y(OAc)O or
Y20(OCH2CH20H)2(OAc)(OH).
  The IR spectra of the products are shown in Figs. 2-2a and 2b. In addition to the
relatively weak stretching vibration modes attributed to CH3 of the acetate group,
P(1,2-PG) and P(1,2-BG) exhibit strong stretching vibration modes at 2700-3000 cm'i
due to the CH3 and CH2 groups. However, P(EG) exhibits only the stretching vibration
modes of the CH2 groups. in contrast, the product obtained in 1,4-BG does not exhibit
the stretclmg vibration modes due to the CH2 groups originating from the solvent. ln
addition, due to the acetate groups, all spectra exhibit the stretching vibration bands at
around 1610 and 1480 cm-i. The spectrum of P(1,4-BG) is fairly similar to that of
yttrium acetate hydrate at 1084, 1053 and 955 cm-i, and the peaks due to the i,4-BG
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Fig. 2-1. XRD patterns of the products obtained by the reaction of yttrium
















































moiety are not observed. This spectral feature coincides with the proposed empirical
formula (Y(OAc)O) ofP(1,4-BG) [22]. At the region from 800 to 1300 em-I, however,
the spectra of the other products exhibit several peaks and are similar to those of the
corresponding solvents shown in Fig. 2-2c. However, the peak positions are slightly
different, presumably because of the strong coordination of the glycol moieties to
yttrium ion. These results indicate that the products obtained in 1,2-PQ 1,2-BG and EG
contain both the glycol moieties and acetate ligands.
2.3.2 Analysis o/thermal decomposition
The TG-DTA profiles of the products obtained in EQ 1,2-PQ 1,2-BG and 1,4-BG are
shown in Fig. 2-3. For P(1,4-BG), the weight loss at 35Q-400 °c is attributed to the
decomposition ofY(OAc)O to Y202C03, while the weight loss at ~700 °c is attributed
to the decomposition of Y202C03 to Y203 [22]. The thermal decomposition behaviour
ofP(1,2-PG) is similar to that ofP(1,2-BG), and significant weight loss associated with
an exothermic peak is detected at 360°C. On the other hand, in the case of P(EG),
weight loss associated with an exothermic peak is observed at 340°C; weight loss is
also detepted at 600°C. The total weight loss cause by calcination at 800 °c increases
with the carbon number of glycol-EG < 1,2-PG < 1,2-BG. This result also supports the
argument that the product contains the glycol moieties originating from the solvent.
The XRD patterns of the products treated at 400°C, together with the BET surface
areas of the samples, are shown in Fig. 2-4. Y(OAc)O decomposes to Y2(C03)02, but
the products obtained in vicinal glycols decompose directly to Y203 (JCPDS card No.
41-1105) without the formation of the carbonate oxide phase. The crystallite sizes of
these Y203 samples are less than 3 nm.
The organic species formed by the thermal decomposition of these products were
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Fig. 2-3. TG-DTAprofiles ofthe products obtained by the reaction ofytt flum
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Fig. 2-4. XRD pattems ofthe samples obtained by calcination ofthe products
at 400 OC for 30 min. Surface area the samples calculated using BET
single-point method is given in the parenthesis. '
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amounts of acetone and C02 are generated with traces of various volatile
low-boiling-point compounds. For P(EG) and P(1,2-PG), however, high-boiling-point
products are generated in addition to those originating from Y(OAc)O. Furthermore,
mass spectrometric analysis indicates the presence of vinyl acetate and various acetic
acid esters. Therefore, the difference between the thermal transformation sequences of
Y(OAc)O and products obtained in vicinal glycols can be attributed to the presence or
absence of the glycol moieties: The acetate groups in the former product decomposed
into volatile acetone and carbonate ions which remain in the coordination sites of the
yttrium ions. On the other hand, the presence of glycol moieties in the latter enables the
acetate groups to form volatile esters by reacting with the glycol moieties and be
eliminated without thg formation ofcarbonate species.
  The surface areas of Y203 obtained by the thermal decomposition ofP(1,2-PG) and
P(1,2-BG) are much larger th'an those obtained from P(EG). The weight loss at around
600 OC observed in the TG profile of P(EG) (Fig. 2-3) suggests that the small sui face
area ofP(EG)400 is due to the presence ofa large amount ofcarbonaceous materials on
the surface of the oxide phase fomied at low temperatures. The crystallite size of
P(1,2-PG)400 with the largest surface area (280 m21g) is 2.2 nm; its surface area
calculated assuming that each Y203 particle is spherical with a diameter of 2.2 nm
(crystallite size) is 540 m21g, which is significantly larger than the BET surface area.
  Note that the diameter of the smallest voids in the closest packing of spherical
particles with a diameter of2.2 nm is O.34 nm ((2 VIi /3 - 1)D, where D is the diameter
of the spherical particles). However, the diameter of nitrogen molecules is typically
assumed to be O.45 nm (the area occupied by a nitrogen molecule is assumed to be 16.2
A2). Therefore, nitrogen molecules (adsorbate) camot access the void spaces when the
panicles are closest-packed. The TEM image of P(1,2-PG)400 indicates that it is
composed of aggregated particles with a size of ca. 12 nm (Fig. 2-5). A detailed
50
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                  100 nm
Fig. 2-5. TEM image ofP(1,2-PG)400.
51
discussion regarding the morphology ofY203 nanoparticles is sh6wn in chapter 3.
  As shown in Fig. 2-6, the IR spectrum ofP(1,2-PG)400 exhibits peaks at 1560, 1420
and 840 cm-i; this is attributed to oxycarbonate species. The formation of this species
can'be ascribed to the reaction of RE oxides with atmospheric C02 since it is reported
that RE oxides react with H20 andlor C02 in air at room temperature yielding
hydroxides andlor carbonate hydroxides [24].
2.3.3 Other RE oxides
  Figure 2-7 shows the XRD patterns of the product obtained by the reaction of Ill]
acetate hydrates in 1,2-PG. None ofthese patterns are found in the JCPDS cards. Based
on the XRD patterns, we classify the products into two groups-Group A for La-Nd and
Group B for Sm-Yb and Y.
  The IR spectra of the products are shown in Fig. 2-8. Liquid 1,2-PG exhibits two
bands in the 800-850 cm-i region (Fig. 2-2c). Although both the product groups exhibit
the peaks attributed to the glycol moieties, Group A products exhibit peaks with low
         '
   'intensities. This suggests that the glycol moieties are possibly present on the surface of
                                                  'the crystals. Therefore, the coordination states of 1,2-PG to RE ion for Group A and
Group B products are completely different. The stretching vibration bands attributed to
the acetate groups are observed at around 161O and 1480 cm-i for both product groups.
Moreover, Group A products exhibit two sharp bands at around 3500 and 3600 cm-i,
while Group B products do not exhibit these bands. This result suggests that Group A
products possess structural OH groups, while Group B products do not.
  Figure 2-9 shows the thermal decomposition behaviour of the as-synthesized
products obtained from La and Yb acetates as the representatives for Group A and
Group B, respectively. Figure 2-10 shows the XRD patterns of the samples obtained by
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Fig. 2-7. XRD patterns ofthe products obtained by the reaction ofrare earth
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Fig. 2-1O. XRD patterns ofthe samples obtained by calcination ofthe La or
Yb products; a, Yb, 400 OC; b, La, 6QO OC; c, La, 800 OC. Identified phases
are shown in the figure.
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'
weight loss accompanied by an exothermic peak in DTA is observed` at 400 OC, and
                                             'lanthanum carbonate oxide (JCPDS card No. 37-0804) is crystallized at 600 OC. Another
weight loss associated with an endothermic peak is observed at around 700 OC due to
the decomposition of lanthanum carbonate oxide to lanthanum oxide. This profile is
essentially identical to that of the other Group A products, except for Ce. In the case of
Ce, weight loss associated with an exothemic peak in DTA is observed at around 300
OC and Ce02 (JCPDS card No. 34-0394) is directly crystallized by calcination at 400 OC.
  On the other hand, the thermal analyses ofthe Yb product in Group B reveals weight
loss accompanied by an exothermic peak at 350 OC, and the sample calcined at 400 OC .
for 30 min exhibits the XRD pattern attributed to ytterbium oxide (JCPDS card No.
43-1037). Although gradual weight loss occurs at temperatures higher than 400 OC, no
heat response is detected. The TG-DTA profiles of the other Group B products, except
for Sm and Eu, are essentially identical to that of the Yb product. Therefore, Group B
                     'products (except for Sm and Eu) decompose directly to the oxide phase at f-400 OC.
  ln the cases of Sm and Eu, the yields ofthe glycothermal products were much smaller
than those of the other products. This result suggests that the glycothermal reaction of
Sm(OAc)3 and Eu(OAc)3 proceeds incompletely and large amounts of RE ions remain
in the glycol solution. The TG-DTA profile ofthe Sm product exhibits a much broader
exothermic peak at around 350 OC as compared to the Yb product, and the sample
decomposes to Sm203 (JCPDS card No. 15-0813) at -400 OC. Exothermic and
endothermic peaks at around 300 and 550 OC, respectively, are observed in the TG-DTA
profile ofthe Eu product. The endothermic peak is ascribed to the decomposition ofthe
                                 Loxycarbonate phase (JCPDS card No. 25-0334). ,
  Table 2-1 lists the phases identified from the XRD patterns, BET surface areas and
crystallite sizes of the samples obtained by the 400 OC calcination of the products.
Group B products are transformed to the oxide phase with the cubic structure; they have
                                  5s L
Table 2-1 BET surface area and crystallite size ofthe sample obtained by 400 OC calcination ofthe
product formed by reaction rare earth acetate in 1,2-PG
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Phase identified by XRD pattern.
Calculated firom the FWHM of the 222 diffiraction peak by using Scherrer's equation.
Although calculated crystallite size has only one significant figure, data to one decimal place are
given in the table because measured FWHM has more than two significant figures.
Data in parentheses are the BET surface areas of the sample 4fter calcintion at 600 OC.
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large surface areas (>100 m2/g) and small crystallite sizes «3 nm), except for Sm and
Eu. The low surface areas of Sm203 and EU203 can be attributed to amorphous phases
and/or oxycarbonate species present in the products.
As described in Introduction, several studies have reported the synthesis of RE203
nanoparticles. However, few reports have discussed the surface areas of the
nanoparticles of RE203, except for Ce02. It is reported that the Y203 nanoparticles
synthesized by alkalide reduction and subsequent oxidation have a surface area of 109
m
2/g, but the sample is amorphous [1]. Hussein et al. investigated the thermal
decomposition ofY(OAc)3'4H20, Y(N03k5H20 and Y2(C204k8H20 [8], and reported
that Y(N03)3'5H20 decomposes at 450°C yielding Y203 with a large surface area (58
m2/g), while Y(OAC)3·4H20 and Y2(C204)3'8H20 decompose at 650°C yielding Y203
with surface areas of 55 and 12 m2/g, respectively. They also· reported that Er203
obtained by the decomposition of Er(OAc)3·4H20 at 800°C has a surface area of 55
m2/g [9]. The RE203 (RE = Gd-Yb, Y) samples obtained by the 400°C calcination of
the products synthesized by the reaction of RE acetate in 1,2-PG have markedly large
surface areas as compared to the reported values. Furthermore, the crystallite sizes of
these samples are the smallest among those reported thus far.
2.4. Conclusions
The calcination of the products obtained by the reaction of RE (Y: Gd-Yb) acetate
hydrates in EO; 1,2-PG and 1,2-BG at 300°C yields crystalline RE oxides at
temperatures as low as 400°C. The thus-obtained Y203 sample has a significantly large
surface area (280 m2/g) and small crystallite size (2.2 nm). The other RE oxides
obtained by this method also have large surface areas (>100 m2/g). These surface areas
are much larger than those reported thus far.
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                            Chapter 3
Synthesis of nane-hollow shaped rare earth oxides by glycothermal
   treatment of rare earth acetates and subsequent calcination
3.1 Introduction
  Recently, there has been intense interest in fabricating micrometer- and
nanometer-sized hollow particles [1]. These hollow particles often exhibit properties
that are substantially different from those of conventional ordinary particles; e.g., low
density, large surface area, stability, surface permeability and so on. Rare.earth (RE)
oxides have physical and chemical properties suitable for various applications as, for
example, phosphors [2t"4], catalysts [5-9] or catalyst supports [10,11]. Therefore, it is
quite interesting to develop methods to synthesize nano-hollow shaped RE oxides.
  Hollow shaped RE oxides have been synthesized by a template method, spray
pyrolysis, etc. [12-19]. A synthesis of various RE oxides (La203, Y203, Lu203, and
Ce02) has been developed by using carbonaceous polysaccharide microspheres as
templates [12]. in spray pyrolysis, a solution of metal salts is sprayed onto a hot wall
reactor, where the reaction occurs in dispersed droplets forming the product particles.
Kang et al. prepared Gd203:Eu and Y203:Eu particles with hollow structures by spray
pyrolysis ofnitrate solutions containing polyethylene glycol [15,16].
  Chapter 2 manly discussed the thermal decomposition behavior of the product
obtained by glycothermal treatment of RE acetate in 1,2-propanediol (1,2-PG) and the
sui face area of RE oxides obtained by the thermal decomposition at low temperature.
However, the detailed morphology or pore structu]re ofRE oxide was not investigated.
  in this chapter, the detailed physical properties of nano-hollow shaped RE oxide
obtained by glycothermal treatment of RE acetate in 1,2-PG and subsequent calcination
were discussed.
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  3.2. Experimental
  3.2. I Glycothermal treatment
    Yttrium acetate hydrate (8.453 g, 25 mmol) was suspended in 120 ml of 1,2-PG in a
  test tube serving as autoclave liner. The tube was placed in a 300-ml autoclave. An
  additional 40 ml of 1,2-PG was placed in the gap between the autoclave wall and the
  test tube. The autoclave was completely purged with nitrogen, heated to 300 OC at a rate
  of 2.3 OC!min, and kept at that temperature for 2 h. After the assembly was rapidly
  cooled to room temperature, the resulting product was collected by centrifugation. The
 product was washed with methanol by vigorous mixing and centrifuging, and then
 air-dried. For calcination, the products were heated with a rate of 1O OC!min arid held at
 the prescribed temperature for 30 min in a box furnace. The amount of the product
 obtained in 1,2-PG was ca. 5.5 g, and the ceramic yield calculated on the basis of the
                                                                       '
 observed weight loss of the product yielding yttrium oxide by calcination at 1000 OC
 was above 90 O/o.
   RE oxides obtained by calcination of the products are designated as
' RE203(calcination temperature). For exampie; Y203(400) means the product obtained
 by reaction of yttrium acetate in 1,2-PG followed by calcination at 400 0C. '
3.2.2 Characterization
  Since a previous report [20] indicated that RE oxide reacts with H20 andlor C02 in
air at room temperature givmg hydroxide or carbonate hydroxide (RE(OH)C03), the
characterization ofthe calcined samples was carried out withn 24 h after calcination.
                                        h
  The tme density ofthe product was determined by using a pycnometer. X-ray powder
diffraction (XRD: Model XD-Dl Shimadzu, Kyoto, Japan) was recorded using CuKor
radiation and a carbon monochromator. The crystallite size of Y203 was calculated from
the half-height width of the peak at 29.10 by Scherrer equation. Simultaneous
1
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thermogravimetric and differential thermal analyses were performed on a thermal
analyzer (Model DTG-500, Shimadzu, Kyoto, Japan) at a rate of5 OCImin in a 40
ml1min flow of dried air. Specific surface area was calculated using the BET
single-point method on the basis ofN2 uptake measured at 77 K using a Micromeuitics
Flowsorb II 2300 sorptionmeter. Nitrogen adsorptiOn isotherm was determined using a
volumetric gas-sorption system (Model Autosorb-1, Quantachrome, USA) and the
pore-size distribution was calculated by the BJH method on the basis of the dgsorption
branch of the isotherm. The morphology of the products was observed with a scanning
electron rnicroscope (SEM), Hitachi S-2500CX, or a transmission electron microscope
(TEM), Hitachi H-800, operated at 200 kV.
3.3. Results and Discussion
3.3. 1. Physicalproperties ofY203 obtained by glycothermal treatment ofyttrium acetate
and subseguent calcination
  Figure 3-1 shows the XRD pattems of the as-synthesized and calcined products. The
intense peak at a low angle (7.30 2e) suggests that the as-synthesized product has a layer
structure. As shown in chapter 2, the FT-IR spectra (data not shown) of the product
indicated the presence of the glycol moieties and the acetate ligands. In the thermal
decomposition behaiviour of the as-synthesized product, a large weight decrease
associated with an exothermic peak was detected at 360 OC (Fig. 3-2). The
as-synthesized product was decomposed to Y203 by calcination at 400 OC. The XRD
peaks of the sample calcined above 400 OC became gradually sharp, and coincided with
the cubic structure of Y203 (JCPDS: No. 41-1105). The crystallite size and surface area
of Y203 are sumrriarized in Table 3-1. Y203(400) had quite a 1arge surface areas (År 200
m21g) and a small crystallite size (2'2 nm). The surface area decreased and crystallite
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Fig. 3-1 . XRD patterns ofthe product obtained by the reaction ofyttrium acetate
hydrate in 1,2-PG at 300 OC for 2 h and the samples obtained by calcination
thereof at 400 and 500 OC.
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Fig. 3-2. TG-DTA profiles of the product obtained by the reaction of yttrium
acetate hydrate in 1,2-PG at 300 OC for 2 h.
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Table 3-1Crystallite size and surface area ofY203 obtained by
calcination ofthe product formed in 1,2-PG.
Calcination temperaturc
        (oC)
Crystallite sizea)
    (nm)
BET surface areab)













a) Calculated from half-height width of222 difiiractionpeak (29.10 2e)
   by vsing the Scherrer equation.
b) Calculated using BET single-point method.
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17 m2/g and crystallite size was about 20,9 nm. The Y203 crystals were significantly
grown at the temperatures lower than the Tammann temperature (625°C) [21], which
may suggest that the water, generated by the combustion of the organic moieties
remaining in the as-synthesized product, contributed to the crystal growth ofY203.
The SEM images ofthe as-synthesized product and Y203(400) are shown in Fig. 3-3.
The morphology of' the Y203(400) was essentially identical with that of the
as-synthesized product. However, the TEM images indicated that the morphology was
completely altered by calcination (Fig. 3-4). The as-synthesized product was composed
of nearly spherical dense particles with 17-33 nm diameter (weight mean diameter, 28
nm) and the particle size was essentially identical with the crystallite size (28,5 nm)
calculated from the diffraction peak: at 7.3 o. However, the particle size determined from
TEM photographs has some errors because of carbon contamination due to beam
damage of the organic moieties remaining in quantity in the as-synthesized particles; the
real particle size may be smaller than that determined by the TEM image. On the other
hands, Y203(400) was composed of nano hollow spheres with the outer diameter of
7-18 nm and the inner diameter of2-8 nm (Fig. 3-5). The morphology ofY20 3(500) was
essentially identical with that of Y203(400). The wall thickness was 2.5-5 nm, which
corresponds to the size of one or two crystallites.
From the weight mean outer and inner diameters of the nano hollow spheres (12 nm
and 5.8 nm, respectively), the empirical weight of a hollow sphere was calculated to be
4.0 x 10-18 g assuming the density ofY203 to be 5.03 glcm3 (calculated from the unit
cell parameter of the cubic phase ofY203). From the observed weight loss (49.5 %) due
to formation of Y203 from the as-synthesized product, the average weight of the
originating particle was estimated to be 8 xlO-18 g. Taking into account of the true
density of the as-synthesized product (1.75 glcm\ the average particle size of the






Fig. 3-3. SEM images of: (a), the product obtained by reaction




Fig. 3-4. TEM image of (a), the product
acetate hydrate in 1,2-PG at 300 OC for 2 h
obtained by reaction of yttrium











Fig. 3-5. TEM images oft (a), Y203(400); and (b), Y203(500).
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observed weight mean diameter (28 nm) ofthe as-synthesized product. These ai guments
lead to the conclusion that a hollow sphere was formed from a particle ofthe product.
  The N2 adsorption isotherms of Y203(400) and Y203(500) are shovvn in Fig. 3-6.
Hysteresis loop can be assigned as E:type (de Boer classification) [22], indicating that
the sample has capillaries with the ink-bottle shape. The pore-size distribution had a
sharp peak at 3.5 nm and a broad peak at 33.4 nm. The total surface area calculated by
the V-t plot and BET surface area calculated from the multi point method were 285 and
343 m21g, respectively, and the external surface area after closing the mesopores by
capillary condensation was calculated to be 65 m21g. The difference between the total
and the external surface areas was 220 m21g. Therefore, the most part ofthe surface area
of the sample is due to mesopores.
  In the case of Y203(500), the pore size distribution had two broad peaks around 3 and
   '1 5 nm. In addition, the total and external surface areas calculated by the V-t plot were 129
                         'and 63 m21g, respectively. Although the total surface area of Y203(500) was much
smaller than that of Y203(400), the external surface area of Y203(500) was essentially
identical with that of Y203(400). The particle size calculated assuming that each Y203
particle is spherical with surface area of 64 m21g was 18.6 nm, which is in good
agreement with the outer diameter of the nano hollow spheres observed from the TEM
image. Therefore, the outer diameter of nano hollow spheres of Y203(400) was
maintained, but mesopores formed between primary particles of Y203 disappeared by
sintering of the primary particles.
  From the results mentioned above, change in morphology and pore-structure of the
product can be illustrated as shown in Fig. 3-7. Ignition by the reaction between the
glycol moieties and oxygen in air occurred on the surface of the as-synthesized
spherical panicles during calcination, and the heat generated by combustion would
decompose the organic moietieS inside the particles, resulting in an increase in the
                                   73
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Fig. 3-7. Cartoon for the change in morphology and pore structure by calcination.
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internal pressure in the panicle. When the as-synthesized product was transformed into
Y203 vvith the progress of combustion, internal pressure causes the formation of the
hollow shape of aggregates of the Y203 crystals. The nano hollow sphere ofY203(400)
had many pores generated between primary particles. Although the Y203 sample
maintained the nano hollow shape even after calcination at 500 OC, the surface area of
Y203(500) decreased by disappearance ofthe mesopores, which is due to crystal growth
ofY203 from 2 to 4 nm.
3.3.2. Physical properties ofRE203 obtained by glycothermal treatment ofRE acetates
and subsequent calcination
  The XRD patterns ofthe as-synthesized products obtained for Gd, Dy, Er and Yb are
shown in Fig. 3-8. The as-synthesized products had the layer structure essentially
identical with the product obtained from yttrium acetate. The morphologies of the
as-synthesized products are shown in Fig. 3-9. The as-synthesized product of Gd was
composed of plate-shaped' particles 'and the Dy product was comprised of a mixture of
plate-shaped particles and spherical particles with about 25 nm diameter. The
morphologies of the as-synthesized products of Er and Yb were spherical with the
average diameters of 21.6 and 11.4 nm, respectively. The plate-shaped particles were
formed in RE element with larger ionic size. The size ofthe spherical particle decreased
                                                                         sc
with the decrease ofionic size ofthe RE element.
  The thermal decomposition behavior ofthe as-synthesized products ofGd, Dy, Er and
Yb was essentially identical with that of the Y product. As shown in Fig. 3-10, the
products were transformed into RE oxides by calcination at 400 OC. The crystallite size
and BET surface area are shown in Table 3-2. IU]203(400) had high surface areas (År 100 ..'"
m2!g) and smal1 crystallite sizes (Åq 3 nm). Although the crystallite size increased with
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Fig. 3-8. XRD 'pattems of the as-synthesized products obtained by the







Fig. 3-9. TEM images of the as-synthesized products obtained by the reaction of RE
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Fig. 3-10. XRD patterns of RE203(400).
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Table 3-2 Crystallite size and surface area ofRE oxides
obtained by calcination ofthe products formed in 1,2-PG.
Sample
CrystaMte size
   (nm)a)
BET surface area













a) Calculated from half-height width of222 difi}raction peak
  (29.10 2e) by using the Scherrer equation.
b) Calculated using BET single-point method.
c) Data in parentheses are the BET surface areas ofthe




surface area was drastically decreased by calcination at 600 OC.
  The morphologies of RE203(400) are shown in Fig. 3-11. Gd203(400) was cornposed
ofporous solids having a plate-shaped outline, and Dy203(400) was a mixture ofporous
plate-shaped particles and nano hollow spheres with an outer diameter of about 10 nm
and inner diameter of about 3 nm. The morphologies of Er203(400) and Yb203(400)
were nano hollow spheres with the outer diameters of about 9 artd 8 nm and the inner
diameters of about 4 and 3 nm, respectively. When the as--synthesized product was
composed of spherical particles, nano hollow shaped particles were formed. Therefore,
the formation mechanism of the nano hollow shaped RE203 was essentially identical
                ,
with that ofY203(400).
  The results for the nitrogen adsorption isotherrri are shown in Fig. 3-12. A large
amount of nitrogen was adsorbed at low P!Po (Åq O.03) on all the samples, suggesting
that the samples had micro or meso pores formed between primary particles. All of the
samples exhibited the hysteresis loop, which were identified as E type according to de
Boer classification, indicating the presence of ink-bottle shaped voids. Gd203(400) and
Dy203(400) adsorbed more nitrogen molecules at higher PfPo than Er203(400) and
Yb203(400). This indicates the difference in aggregation of the porous solids or nano
hollow shaped particles.
3.4 Conclusions
  The products obtained by the reaction of yttrium acetate hydrate in 1,2-PG at 300 OC
contained both the acetate group and the glycol moieties, and were decomposed to
yttrium oxide by calcination at 400 OC. Y203(400) was composed of nano hollow
spheres-with the outer diameter of 7-18 nm and inner diameter of 2-8 nm. The nano
hollow spheres had many pores generated between Y203 crystallites. The Y203 sample
maintained the nano hollow shape even after calcination at 500 OC, but the mesopores
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Fig. 3-12. Nitrogen adsorption isotherms of: (a),
Er203(400); and (d), Yb203(400).
Gd203(400); (b) , Dy203(400); (c),
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disappeared. Gd203(400) was composed ofporous solids having a plate--shaped outline,
and Dy203(400) was a mixture of porous plate-shaped particles and nano hollow
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                      Chapter 4
Solvothermal treatment of rare earth chloride hydrates
4.1 Introduction
  Metals, metal acetates, metal alkoxides or metal acetylacetonates are generally used
as starting materials for solvothermal reactions [1]. Inoue et al. found that various mixed
oxides were directly crystallized in solvothermal reaction in 1,4-butanediol (1,4-BG) at
200-300 OC [2-5]. The use of 1,4-BG is, in the most cases, essential for formation of
crystalline products under the solvothermal conditions.
  The use of metal chlorides has been scarcely examined, because hydrochloric acid,
generated during the reaction, is corrosive to impair the metal such as wall of an
autoclave. To avoid this, following methods are devised: (1) hydrolysis of a metal
chloride, followed by the solvothermal reaction of thus-obtained hydroxide, (2)
solvothermal reaction in the presence of amines to neutralize the librated acid. in the
former method the resultant precursor hydroxide is generally gelatinous, so it is difficult
to control the water content in the gel. When a hydroxide gel containing a 1arge amount
ofwater is allowed to react under the solvothemal conditions, the essential nature ofthe
reaction is not different from that ofhydrothermal reaction.
  In this chapter, the author treats the solvothermal reaction ofrare earth (IRE) chloride
hydrates in 1,4-BG in the presence of amine bases to neutralize the liberated acid. The
crystalline stmcture of the products obtained by the reaction is clarified, and the
relationship between the crystalline structure and ionic size ofRE element is suggested.
4.2. Experimental
  RE chloride hydrates were purchased from Wako Pure Chemical Industry.
                                                      'Guaranteed 1 ,4-BG (nacalai tesque) was used without further purification.
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  Yttrium chloride hexahydrate (7.58 g, 25 mmol) was suspended in 100 ml of 1,4-BG
in a test tube serving as autoclave liner and hexylamine (20 ml) and 1,6-hexanediamine
(16 ml) were added to the tube (NICI fs 5). Hexylamine was added to neutralize the
liberated acid in the gas phase and 1,6-hexanadiamine, in the liquid phase. The tube was
placed in a 300-ml autoclave. Additional 1,4-BG (30 ml) and hexylamine (10 ml) were
placed in the gap betweert the autoclave wall and the test tube. The autoclave was
completely purged with nitrogen, heated to 300 OC at a rate of 2.3 OCImin, Emd kept at
that temperature for 2 h. After the assembly was cooled to room temperature, the
resulting product was collected by centrifuging. The product was washed with methanol
and deionized water repeatedly by vigorous mixing and centrifuging, and then air-dried.
  X-ray powder diffraction (XRD: Model XD-Dl Shimadzu, Kyoto, Japan) was •
recorded using Cu K{i radiation and a carbon monochromator. For Rietveld analysis, the
XRD pattern was measured on another dithactometer OIodel Rint 2500, Rigaku, Tokyo,
Japan) and analyzed by RIETAN-2000 program [6].
  Diffuse reflectance FT-IR spectra of the products were recorded in the range
4000-700 cm-i on a Nicolet spectrophotometer (Model Magna-IR 560, Madison, USA)
and the back ground spectrum employed was that of KBr.
  Simultaneous thermogravimetric and differential thermal analyses were performed on
athermal analyzer (Model DTG-50, Shimadzu, Kyoto, Japan) atarate of5 OCImin ina
40 mYmin flow of dried air.
  The morphology of the products was observed with a scanning electron microscope
(SEM), Hitachi S-2500CX.
4.3 Results and Discussion •
4. 3. 1. XRD patterns and lR spectra ofthe products .




shown in Fig. 4-1. Two types of products were detected, one for La-Dy (Group A) and
the other for Ho-Yb and Y (Group B). The XRD pattern of the product obtained from
lanthanum chloride hydrate essentially agreed with that reported for La(OH)2Cl
(JCPDS: No. 85-0839) [7] albeit with large difference in the relative intensities. ln the
XRD pattern ofthe product from yttrium chloride hydrate (Fig. 4-1), the peaks specified
by closed circles are attributed to Y(OH)2Cl (JCPDS: No. 19-1445) [8] but the other
peaks could not be identified from JCPDS cards. However, when the reaction of yttrium
chloride hydrate was carried out at 250 OC, only Y(OH)2Cl was formed without the
contamination of the unknown phase. Therefore, the reaction of REC13 with smaller
ionic size yielded a mixture of RE(OH)2Cl and an unlmown compound, and the latter
compound seems to be derived from RE(OH)2Cl.
  Rietveld refinement was canied out to identify the crystal structure of La(OH)2Cl.
La(OH)2Cl could not be refined with the space group, P21m [No.1O], as the JCPDS card
noted, but had a space group of P2ilm [No.11] (Fig. 4-2). The products from Nd, Gd,
Sm and Dy chloride hydrates could also be refined with the same space group.
  IR spectra of the products are shown in Fig. 4-3. Both the spectra ofthe products did
not show characteristic bands due to the organic residue, but showed two sharp bands
around 3600 cm-i due to the stretchng vibration.modes of structural OH groups.
Klevstov et al. reported that the interaction between OH group and Cl in
   thydroxychloride contributed to these peaks [9]. A brdad band at around 3400 cm-i
 observed in the Group B products seems to be due to the water molecules, suggesting
that the unknown phase in the (iroup B products contained a larger amount of structural
 water molecules. The IR spectra of the Group B products also indicate the presence of
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Fig. 4-1. XRD patterns of the products obtained by the reactions of RE chloride


















   o
10 20 30 40 50 60 70 80 90
                    2e (degree)
Fig. 4-2. Examined and simulated XRD patterns ofLa(OH)2Cl.
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Fig. 4-3. IR spectra of the products obtained by the reactions of RE chloride




4.3.2. Thermal decomposition behaviour
  The TG-DTA data are surmnarized in Table 4-1 and typical profiles are shown in Fig.
4-4. For the Group A products, a very sharp endothermic peak was observed at around
350 OC and the weight loss at this temperature range agreed with the theoretical weight
loss from RE(OH)2Cl to REOCI. The XRD patterns ofthe products just after the weight
loss were identified as REOCI (tetragonal). Howevet, Ce(OH)2Cl was decomposed at
350 eC yielding Ce02 without formation ofCeOCI.
  For the Group B products, the weight loss was observed at Åq 250 OC and XRD pattern
of the product calcined at 200 OC was different from that of the as-synthesized product
(Fig. 4-5), indicating that the water molecules are incorporated in the crystal structure of
the unlmown product. Therefore, it was tentatively assigned as RE203'xH20 with an
unidentified crystal structure. The weight loss at the temperature range from 250 OC to
450 OC was smaller than the theoretical weight loss due to dehydration of RE(OH)2Cl to
REOCI because of the contamination of the unknown compound. The contents of
RE(OH)2Cl in the Group B products were estimated from the weight loss, and the
results (Table 4-1) indicate that RE(OH)2Cl was the predominant phase in the Group B
products. The XRD pattem of the product just after the weight loss was identified as a
mixtue of REOCI (hexagonal) and RE203. This result is in accord with the previous
assignment ofthe unlmown product as RE203'xH20, since al1 ofthe REOOH phases are
known to be dehydrated into RE203 at the temperatures below 500 OC.
  It was reported that REOCI with larger RE elements (La-Ho) exists in the tetragonal
structure while REOCI with smaller RE elements (Tm-Lu) has the hexagonal structure,
erbium being the crossover point [10, 11]. In the present work, however, hexagonal
HoOCI and YOCI were formed (Table 4-1), in spite of the fact that the hexagonal
polymorph is thermodynamically unstable for Ho and Y.
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